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(Objectives . We sought to determine the incidence of late perfu-
sion defects attributable to coronary artery mobilization in pa-
tients undergoing anatomic correction for complete transposition
of the great arteries.
Background. Anatomic correction (arterial switch procedure)
is
currently the surgical treatment of choice for complete transpo-
sition. From its conception, there has been concern about the
impact on myocardial perfusion of the coronary artery mobiliza-
tion and reimplantation involved in the correction . Previous studies
have demonstrated myocardial perfusion defects in patients after
correction, although a causal relation between coronary mobiliza-
tion, and perfusion abnormality has not been established.
Methods. In a case-comparison study designed to test this
hypothesis, 29 children underwent imaging with technetium-99m
2-methoxy isobutyl isonitrile (technetium-99m mibi) . Ten had
undergone anatomic correction (arterial switch group ; interval
from operation 6.9 t 1.42 years I range 4.9 to 9.11) ; 9 had required
noncoronary open heart surgery for other cardiac lesions (post-
bypass group; interval from operation 5 .6 t 3 .6 years [range 1 .0
to 13.25] ) ; and 10 had had no surgical procedure (control group) .
The latter group comprised children with atria[ or ventricular
septal defects who required a radionuclide study for shunt calcu-
The arterial switch procedure is widely accepted as the oper-
ative technique of choice in the surgical management of infants
with complete transposition of the great arteries. Concern
remains as to the long-term impact on myocardial blood flow
of the coronary artery mobilization and reimplantation in-
volved in the correction (1,2) . Myocardial perfusion studies
with thallium-201 (2,3) have demonstrated in such patients
myocardial perfusion abnormalities that have largely been
attributed to coronary artery reimplantation .
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lation. Planar studies were performed in all 29 children, and
additional tomographic acquisition was achieved in 25 . To assess
reversibility of perfusion defects both an exercise and a rest
planar study were performed in the arterial switch group .
Results. Perfusion abnormalities were observed in seven of the
nine children it the posghbpass group and in all 10 children in
the arterial switch group
. The frequency of perfusion defects in
these two groups was similar, with at least 25% of the tomographic
segments reported being abnormal . The control group had signif-
icantly fewer defects than the other two groups (p = 0
.02), with
only 8% of the totnographic segments judged to be abnormal . In
all except one patient in the arterial switch group, the segments
reported as abnormal on the planar exercise study were either
abnormal or equivocal on the rest study, indicating a fixed
abnormality.
Conclusions. Although the precise etiology of these perfusion
abnormalities cannot he defined from this study, these data
suggest that their origin is related more to the insult of open heart
surgery itself than to the coronary manipulation involved in the
arterial switch procedure. The functional importance requires
further study.
(J Am Coil Cardiol 1994;24:769-77)
Technetium-09m 2-methoxy isohutyl isonitrile (technetium-
99m mihi), recently introduced as an alternative to thallium-
201 for perfusion imaging, similarly accumulates in the myo-
cardium in proportion to regional myocardial blood flow
(4,5) .
However, compared with thallium-201, technetium-99m
mibi has ;several advantages : a relatively short half-life, high
(140 keV) photon energy emission with less energy attenua-
tion, shorter acquisition time and lower radiation dose to the
patient (5,6) ; all of these arc important considerations for
pediatric perfusion imaging . Experience of perfusion imaging
with technetium-99m mihi in children is extremely limited (6) .
To distinguish reversible from irreversible myocardial injury
separate injections of technetium-99m mihi are required dur-
ing stress and at rest.
The purpose of this study was to assess the incidence of late
myocardial perfusion defects after anatomic correction for
035-1097/94157.WI
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transposition of the great arteries and to determine whether
such abnormalities could be attributed to coronary artery
mobilizp+ion and reimplantation . Two patient groups in addi-
tion to tue primary study group underwent imaging . For ethical
reasons our "normal" control group could not be drawn from
a cohort of otherwise healthy children . However, children
requiring a radioisotope shunt calculation before surgical
referral were a suitable group from which to recruit control
subjects. In addition, we studied children who had undergone
corrective surgery requiring cardiopulmonary bypass but with-
out coronary artery mobilization .
Methods
Patknts . After approval from the hospital ethics commit-
tee and informed consent of the parents were obtained, 29
children were studied with technetium-99m mihi . Ten children
(arterial switch group) had undergone anatomic correction for
transposition of the great arteries at a mean age of 5 .6 months
(range 7 days to 18 months) . In five patients correction was
performed as a primary procedure (age at operation 7 days to
7 months [mean 1 .8 months]), and in the other five pulmonary
artery banding preceded complete correction (age at arterial
switch procedure 5 to 18 months [mean 9.4)) . Of the other
patients studied, 9 (postbypass group) had required open heart
surgery for various cardiac lesions (mean age at operation 3 .4
years [range 8 months to 11 years]), and 1 .0 (control group) had
had no surgery. This latter group comprised seven children
with an atrial septal defect and three with a ventricular septal
defect. Patients in both the control and postbypass groups were
patients who had been referred for a radionuclide investigation
by their attending physician and in whom technetium-99m mihi
could he used in place of the standard radiopharmaceutical
agent without compromising their clinical study .
The surgical procedures performed in the postbypass group
were closure of ventricular septa) defect with or without repair
of right ventricular outflow tract obstruction (n = 7), resection
of subaortic stenosis (n = 1) and closure of a sinus venosus
atrial septal defect (n = 1) . The mean interval ± SD from
operation to study was 5 .6 ± 3.6 years; ages at the time of study
ranged from 3.8 to 14 years (mean 9.9). In the control group
the mean age at study was 7.27 ± 2.63 years . For the patients
in the arterial switch group the mean age at study was 7 .5 ±
1.77 years (range 5.25 to 9.83) .
Statistical analysis . For comparison of data, a two-tailed
unpaired Student t test was used. A p value s 0.05 was
considered to represent a significant difference between the
various groups . The unit of analysis used in this comparison
was the number of abnormal segments per patient . Each group
was then compared individually and in combination (i .e.,
surgical vs. nonsurgical) with the other two groups .
RaditiP6armaceutical . The technetium-99m mibi was pre-
pared as directed by the manufacturer (E.I . du Pont de
Nemours, Diagnostic Imaging Division). The radiochemical
purity was >95% in all cases. The specific activity of the
resulting solutions averaged 1,195 .2 mBq/ml (range 886 to
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1,587). The administered dose was adjusted for body surface
area at 345 mBglm2. No adverse reactions were seen. The only
side effect (reported by three children) was an abnormal taste
immediately after intravenous injection of the radionuclide .
Imaging studies. All patients underwent imaging 60 to
120 min after radionuclide injection, having just ingested a
fatty meal to accelerate hepatobiliary clearance of the tracer .
Planar imaging was performed in all children in three projec-
tions (anterior and 40° and 70° left anterior oblique) using a
small field of view Elscint mobile gamma camera with a
general purpose collimator. Acquisition time in each projec-
tion was 10 min. After planar imaging a single-photon emission
computed tomographic (SPECT) study was also attempted . In
25 of the 29 children SPECT imaging was successfully achieved
with a GE 400 AC Starcam tomographic camera . The camera
was rotated through an elliptic orbit in an arc of 360° (n = 17)
or 180'(n = 8). With an arc of 180° the orbit commenced at 45°
right anterior oblique position, and 32 raw data images were
obtained at 40 s/frame. When a full 360° rotation was used, 64
raw data images were acquired at 20 s/frame . The total
acquisition time for SPECT imaging was -25 min . Reconstruc-
tion was performed using a Butterworth filter with a 0.28
frequency cutoff and power factor of 7 . From each tomo-
graphic data set, short-axis, vertical long-axis and horizontal
long-axis images were created . Sedation (chloral hydrate, 50 to
100 mg/kg body weight) was necessary in only two of the
younger children and was given 30 to 40 min before imaging .
Neither of these patients tolerated tomographic acquisition .
For reporting, both the planar and the tomographic studies
were divided into segments (Fig. 1), and each segment was
graded as normal, equivocal or abnormal. The images were
graded by two experienced observers who were unaware of
either the diagnosis or the identity of the patients .
Reversibility. To assess reversibility of lesions, the children
who had undergone the arterial switch procedure had both an
exercise stress and a rest study . The majority of studies in the
control group were obtained at rest because of the clinical
requirement for a first-pass acquisition for shunt calculation .
Patients in the arterial switch group exercised on a bicycle
ergometer for 8 to 10 min. The mean increase in basal heart
rate was 55%. At peak exercise technetium-99m mibi was
injected intravenously, and exercise continued for a further
minute. Imaging was performed I h later, and both a planar
and a tomographic study were acquired. A rest study was
performed 48 h later. Intravenous access was established, after
which the children sat quietly for I h. Technetium-99m mibi
was then injected, and planar imaging was performed within
90 to 120 min. In one child, maximal exercise stress was
not achieved, and a second rest study was therefore not
performed .
Results
For all three groups !he grading of segments is shown in
Tables 1 to 3 . Figure 2 shows diagrammatically the position
and frequency with which each segment was reported as
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Figure 1 . Schematic representation of the segments used for report-
ing both planar and tomographic studies . Fifteen segments are re-
ported for each planar study and 48 for each tomographic study .
A, ANT = anterior; inf = inferior; LAO = left anterior oblique ; P =
posterior; S. sup = superior.
abnormal. Individual examples of planar and tomographic
imaging are shown in Figures 3 to 5 .
Planar studies.
Within the nonsurgically treated control
group (Table 1), all eight segments (5%) reported as either
abnormal (n = 1) or equivocal (n = 7) were exclusively apical .
In contrast, in both the postbypass and arterial switch groups,
not only was there a higher incidence of abnormal and
equivocal segments (22% and 20%, respectively) but these
areas were scattered throughout the myocardium . Statistical
analysis demonstrated a significant difference between the
control group and both the postbypass and the arterial switch
groups (p = 0.03 and p < 0 .0001, respectively) but not between
these latter two groups (p = 0
.14) .
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Nine of the 10 patients in the arterial switch group under-
went an exercise as well as a rest study (Table 2, Fig
. 4) . In all
except one patient the segments reported as abnormal on the
exercise study were either abnormal or equivocal on the rest
study, there being no clear evidence of reversibility .
Tomographic studies
. Tomographic imaging proved feasi-
ble in all age groups, and 25 of the 29 childreii had both a
tomographic and a planar study
. As with the planar studies, the
postbypass and arterial switch groups had considerably more
perfusion abnormalities than did the control group (control
group 3.7 ± 3.2, arterial switch + bypass group 13
.39 ± 10.0,
p = 0.02). In the control group the majority of abnormal
segments were located in the ventricular septum or apex (Fig
.
2B) .
Seven of the nine children in the postbypass group and all
patients in the arterial switch group had perfusion defects on
tomographic study ; the incidence of abnormal segments in
these two surgical groups was 30% and 25%, respectively
(Tables 2 and 3). Unpaired Student I test demonstrated no
significant difference in the frequency of perfusion defects
between these two groups. The noted abnormalities were
distributed widely throughout the myocardium, although the
apex in particular was frequently reported as abnormal (Fig .
2, C and D) .
Neither the cardiopulmonary bypass time nor the period of
circulatory arrest in individual patients correlated with the
frequency of abnormal segments . When the patients in the
arterial switch group were analyzed by type of repair (i .e ., one
stage or two), fewer defects were noted in the subgroup with
primary correction
. However, this apparent trend did not reach
statistical significance (p = 0.07) (~ :-ble 4) .
Discussion
The arterial switch procedure, developed and applied ex-
tensively since the first successful report by Jatene et al
. (1) in
1975, is currently recognized as the surgical management of
choice for complete transposition of the great arteries with the
theoretic advantage of the left ventricle as the systemic pump-
ing chamber overshadowing ali other considerations
(7) . None-
theless, the long-term impact of coronary mobilization and
reimplantation on myocardial perfusion and subsequent out-
Table 1
. Results of Planar and Tomographic Imaging in the Control Group
(10 patients without
surgical treatment)
Data are expressed as number (%)
of segments or mean value ± SD .
Segments
Total No-mal
Equivocal Abnormal
Mean No. of
Abnormal/Equivocal
Rest planar images (n = 10) 150 142 7(4
.4%) 1((1.6%)
0.1 ± 0.31/0.7 ± 0.67
Rest tomographic images (n = 7) 336
270 39(11%) 26(8%)
3 .7 ± 3 .2/5
.57 ± 3 .59
772
HAYES ET AL .
MYOCARDIAL PERFUSION AFTER SWITCH OPERATION
Table 2
. Results of Planar and Tomographic Imaging in the Arterial Switch Group (10 patients with
anatomic correction of transposition of the great arteries)
Data are expressed as number (ft) of segments or mean value
.
SDX
come remains a concern. Abnormalities of myocardial perfu-
sion have been reported after the arterial switch procedure
(2,3), with distortion of the coronary arteries and myocardial
damage at the time of surgery being suggested as potential
etiologic factors . Interpretation of these studies in the absence
of control data is inevitably limited .
Interpretation of results . Rather than confirming this pre-
vious speculation, our data suggest that the myocardial injury
observed in patients after the arterial switch procedure is
largely a reflection of the insult of open heart surgery itself,
with >75% of the children in the postbypass group also
demonstrating perfusion abnormalities . Although a large pro-
portion of the operative procedures in the po sthypass group
involved closure of a ventricular septal defect, the majority of
perfusion defects demonstrated in this group were not within
the ventricular septum but elsewhere in the myocardium (Fig .
2C and 5) . The lack of abnormality observed within the septum
is probably related to both 1) the interval between defect
closure and perfusion imaging, with the potential for consid-
erable cardiac growth over time ; and 2) the position of the
original ventricular septal defect, it being standard practic-. ;n
radionuclide perfusion imaging to make no attempt to inter-
pret the basal portion of the ventricle because of the difficulties
associated with that interpretation and the recognized margin
for error. Furthermore, within the arterial switch group, the
pattern of abnormal segments in the majority of patients could
not be accounted for simply by a proximal right or left coronary
Data are expressed as number (%) of segments or mean value ± SD.
artery injury, with the observed abnormalities involving only
limited portions of the territory of either artery . Several defects
were demonstrated at the apex of the left ventricle in both the
bypass and arterial switch groups . Although the apical area is
often difficult to interpret, in some patients these defects were
extensive and clearly abnormal . Such abnormalities could be
attributed to apical venting at the time of repair; however, they
were also noted when the heart was known to have been
do-aired by way of the atrium (Fig . 5) .
The observation that perfusion abnormalities are present in
patients who have undergone open heart surgery for congen-
ital lesions is not new . Such abnormalities were previously
identified with thallium-201 scintigraphy by both Bjorkhem et
al . (3) and Ono et al . (8). However, their precise etiology is
unknown, with neither ischemic time, the period of circulatory
arrest nor bypass time influencing the incidence of perfusion
abnormalities in individual patients (2). It may be suggested
that the abnormalities demonstrated are artifactual and do not
represent true myocardial damage ; this contention is difficult
to refute in pediatric patients because of the problem of
availability of normal control subjects . However, it is clear
from our study that the incidence and extent of abnormality
are significantly greater in children who have undergone open
heart surgery. The segments reported as abnormal in our
control group of nonsurgically treated patients were generally
confined to either the apex or the ventricular septum . In the
normal population, apical thinning is frequently encountered,
Table 3. Results of Planar and Tomographic Imaging in the Posthypass Group (nine patients with
noncoronary open heart surgery)
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Segments
Total Normal Equivocal Abnormal
Mean No. of
Ahnormal:Tquivocal
Planar images (n = 10)
Exercise 150 111
11 (7%) 22(15%) 2 .3 i 1 .57/1 .2 1 1 .45
Exercise and rest (n = 9)
Exercise 135 107
6 (4%%)
22 (16% )
Rest 135 109 12(9x%) 15(11%)
Tomographic images (n = 9)
Exercise 432 256
37 (5%) 1w) (25%) 12 .11 _- 7 .57 4 .1
.
3 .65
Segments
Total Normal Equivocal Abnormal
Mean No. of
Abnormal/Equivocal
Rest planar images (n = 9)
135 105 19(14%)
11(8%)
1
.2 ± 1
.48,2
.1 '_ 1 .45
Rest tomographic images 432 258
42(10%) 132(30%) 14.67 ± 12 .44/4.66 ± 1 .0
(n = 9)
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Figure 2. Diagrams representing the site and frequency of abnormal segments in each of the three patient groups
. The gray scale (A) refers to
the incidence of abnormality per segment (expressed as a percent)
. B, Control group (no surgical treatment) . C, Postbypass group (patients with
noncoronary open heart surgery) . D, Patients with anatomic correction (arterial switch procedure) of transposition of the great arteries
. From both
tomographic and planar imaging there is a clear difference in frequency of perfusion defects bettreen the control group without surgical treatment
and the two surgical groups. Abbreviations as in Figure 1 .
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and apical abnormalities, as previously indicated, should be
interpreted with caution, The minor septa) abnormalities also
noted in a number of our control patients are more difficult to
explain but may be related to the geometric changes in the
right ventricle in the presence of a left to right shunt at atrial
level . In addition, one patient in our control group was known
to have multiple ventricular septal defects, which may have
accounted for the recognized abnormality .
Related research. The etiology, then, of perfusion defects
detected after open heart surgery remains speculative . How-
ever, there are some interesting parallels with other areas of
clinical and animal research. Several authors (9-13) have
JACC Vol . 24, No. 3
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Figure 3. Control patient without surgical
treatment for an atrial septa! defect . Top, Nor-
mal planar study
. Ant = anterior ; LA060 = 60'
left anterior oblique
; LT LAT = left lateral.
Normal tomographic study
.
reported the detrimental effects of microemboli, both air and
particles, on myocardial function. Golfarb and Bahnson (10)
demonstrated in dogs that even small volumes of air (0 .1 ml)
could produce irreversible myocardial damage. with histologic
evidence of myocardial infarction . In a similar experiment
Spencer et al. (13) noted among different animals wide varia-
tion in tolerance to air that was apparently associated with the
speed with which air emboli disappeared from the coronary
circulation . In some dogs the cardiac injury was so profound
that death immediately ensued, whereas other dogs had an
uneventful recovery. However, in the surviving animals, mul-
tiple areas of focal myocardial necrosis were evident at au-
JACC Vol . 24, No
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Figure 4. Patient from the arterial switch
group, an 8-year old boy after two-stage ana-
tomic correction . Top, Planar studies at exer-
cise (EXER) and rest show an abnormality of
the anterolateral wall and apex ; there is no
evidence of reversibility of this lesion . LA045
and LAO70 = 45° and 70°, respectively, left
anterior oblique view . Bottom, The tomo-
graphic study provides better localization of
defects (i .e., septum, apex and anterior wall).
topsy. An early study in the clinical setting (11) also indicated
a direct correlation between the low cardiac output syndrome
and myocardial necrosis after open heart surgery and reported
that diffusely scattered microinfarctions, in the absence of
coronary artery disease, were a common factor in those dying
of primary myocardial failure . The density of microinfarcts
varied within sections of the same heart as well as among
patients . Hypovascularity at the apical portion of the ventricle
(third- and fourth-order branches) was also evident on post-
mortem coronary arteriograms in 38% of patients . Microscopic
examination of these hypovascular areas consistently demon-
strated microemboli composed of platelet aggregates . More
recent work (14-16) concerning both the neurologic and
myocardial sequlae of cardiopulmonary bypass indicates that
HAYES ET AL .
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the incidence of embolic phenomena and subsequent injury is
greatest in those undergoing open heart procedures .
Functional impact. The functional significance of these
myocardial perfusion defects is again speculative, although
Vogel et al . have correlated the presence of wall motion
abnormalities echocardiographically with perfusion defects
demonstrated on thallium-201 SPECT imaging . However, the
presence of postoperative wall motion abnormalities is not
confined to the arterial switch procedure ; it has also been
described after both the Mustard and Fontan operations
(18-20). Furthermore, increased myocardial and chamber
stiffness are additional universal sequelae of open heart sur-
gery recognized in children, although the precise etiology of
these changes is unknown (21) . In children who have had the
776
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arterial switch procedure, postoperative hemodynamic assess-
ment (22-24) has indicated that most patients have a normal
left ventricular ejection fraction and contractility despite the
recognized wall motion abnormalities . Nonetheless, subtle
abnormalities of end-systolic wall stress ejection fraction
and myocardial stiffness have been shown in patients after
two-stage correction of transposition (25,26) . It is uncertain
whether similar results would also be obtained after primary
repair. After banding, Sievers et at. (25) demonstrated a
reduction in left ventricular ejection fraction with an associ-
ated increase in left ventricular peak systolic and end-diastolic
pressures which then normalized on anatomic correction . The
inappropriate hypertrophy that accompanies these changes
may well place the myocardium at greater risk during open
heart surgery, perhaps explaining the tendency for more
perfusion defects to occur after two-stage correction than after
primary repair (2) .
Criticisms and study limitations . Analysis of the planar
studies, acquired at rest in all children, demonstrates a signif-
icant difference in the prevalence of myocardial perfusion
'p = 0.18
. tp = 0.07 (vs. one-stage correction). Data are expressed
as number (%.) of segments or mean value ± SD .
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Figure 5 . Patient from the posthypass group .
a 14-year old boy who had transatrial closure
of a ventricular septal defect as an infant . The
tomographic study shows widespread abnor-
malities involving txtth the anterior and the
posterior walls as well as the apex .
abnormalities between the nonsurgically treated control group
and the posthypass or arterial switch group. Unfortunately.
with respect to analysis and interpretation of the SPELT data .
the tomographic imaging could not be acquired under such
uniform conditions. Nonetheless, the planar imaging in the
arterial switch group indicates minimal reversibility of lesions .
suggesting that despite differing acquisition conditions be-
tween the control and study patients comparison of the
tomographic studies is entirely valid. Moreover, the influence
of variation in rotational arc on the results and conclusions
drawn from the SPEC' data is questionable (27) .
Conclusions . Although myocardial perfusion defects are
present after the arterial switch procedure, the hypothesis that
these are primarily a consequence of coronary mobilization
and reimplantation appears invalid. Children undergoing open
heart surgery without coronary artery manipulation are equally
predisposed to developing myocardial perfusion defects . Fur-
thermore, within surgical groups there is wide individual
variation in the extent of the perfusion abnormalities noted, an
observation that may have late functional consequences for
Table 4. Results of Tomogrtphic Imaging in Patients With Jne-Stage Versus Two-Stage Anatomic Correction of Transposition
of the
Great Arteries
Segments
Image (n = 9) Totrxographic Total Normal Equivocal Abnormal
Mean No. of
Abnormal Segments
Mean No . of
Abnormal + Equivocal Segments
One stage
192
141 18 (9%.) 33 (175) 8
.25
± 4.9
12. . . ± 2 .2
Two stage
240 145
19 (8%) 76 (32Sc) 15.2 ± 8.2' 19.0 ± 5.52f
JACC Vol. 24, No
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some
patients
.
The
precise etiologic factors and long-term
impact on myocardial function of
postoperative perfusion
abnormalities require further study .
We thank Ron Mistrv and Sarah Allen. BSc . MSc. for technical assistance in the
completion of this project .
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